Dew and rain water were collected during 2013 and 2014 in Changchun, China. The dew was analyzed and the following parameters were measured: pH, EC, TDS, major anions (F − , Cl − , SO 4 2− , and NO 3 − ), and major cations (NH 4 + , Na + , K + , Ca 2+ , and Mg 2+ ). The mean pH, EC, and TDS values of dew were comparable with the values for rainwater. The pH values of dew and rain were 6.72 and 6.16, respectively. Both EC (308 S/cm) and TDS (154 mg/L) of dew were higher than those in rain samples. The concentration of main ions in dew was 1.5-5.7 times higher than levels in rainwater. The near-neutral pH values in dew were caused by the neutralization of acidity and buffering by the alkaline elements of soil origin (Ca 2+ ). This neutralization was confirmed by a strong correlation between the acidic ions (SO 4 2− and NO 3 − ) and the major cations (Ca 2+ and Mg 2+ ). Natural dust made an important contribution to the ions present in dews, but the presence of sulfate concentrations that are notably higher than rain water (up to 1584.5 eq/L) indicated a significant contribution of anthropogenic sources. Dew has the ability to capture particulates, and the purifying effect on the underlying surface was obvious.
Introduction
Dew formation is a local phenomenon, significantly influenced by microclimatic environment, land profile, and favorable meteorological conditions. Dew can be easily absorbed by plant leaves and maintain leaf moisture in the canopy [1, 2] . Ammonium and nitrate in dew are beneficial to plants [3, 4] . Small aerosols in the atmosphere are the condensation nuclei in the process of dew formation and this wet deposition process is a major pathway transporting pollutants from the atmosphere to the biosphere [5, 6] . Therefore, the chemical characters of dew are under the control of atmospheric air quality, and it can act as an indicator of the air quality of surface layer [7, 8] .
With the rapid development of urban economy, air pollution has become increasingly serious. The gas from coal combustion, industrial emissions, and motor vehicle exhaust, as well as resuspended road dust leads to an increase in aerosols and especially PM 10 (particulate matter with aerodynamic diameters less than 10.0 m) and PM 2.5 (particulate matter with aerodynamic diameters less than 2.5 m) content. Air pollution has attracted much interest during the past decade for its harmful impact on health risk, visibility, and even global climate [9, 10] . Huo et al. [11] and Hu et al. [12] concluded that particles and gases can be removed efficiently from the atmosphere by rain. As an important pathway of wet deposition, atmospheric aerosols acted as the condensation nuclei and were removed during the night as vapor condensed, and dew played an important role in air purification. Takenaka et al. [13] found that most nitrite and ammonium ions included in dew were decomposed when dew was dried. The concentrated ammonium nitrite aqueous solution is unstable and can decompose to N 2 and H 2 O. During the drying process of dew, nitrite and ammonium 2 Advances in Meteorology would be concentrated and react to form N 2 . As a result, nitrite and ammonia in the dried dew are lost, and therefore, dew can thoroughly remove nitrite and ammonium ions.
Dew has attracted great interest and dew levels have been extensively studied [14] [15] [16] [17] . These studies have shown that the amount of dew water is smaller than the amount of rain water, but the condensation times are more frequent. Chemical composition in urban dew is closely related to the atmospheric precipitation [5, 18] . Dew always condenses in the range of 0-2 m above the surface, and particulates at this level have a more direct and strong influence on human health than at any other level. Variation in dew chemical compositions can reflect the characteristics of particle pollution to some extent. However, the chemistry of urban dew has received little attention.
Changchun city is the capital of Jilin province (43 ∘ 05 N-45 ∘ 15 N, 124 ∘ 18 E-127 ∘ 02 E; 450 km from the sea), and it is the most important industrial center of automobile, photovoltaic, biopharmaceutical, and railway vehicle production. With the rapid urbanization and motorization of Changchun in recent years, air pollution remains at a much higher level than in the past. The objectives of the present study are (1) to analyze the chemical characters of dew and rain in Changchun city and (2) to reveal the scavenging process of underlying surface particulates by dew.
Methodology and Measurements

Sampling Site.
Dew and rain were collected at Jilin University, which is located in the southwest area of Changchun city. The crowds and traffic are concentrated, and the population density is approximately 1000 people km 2 . The area is characterized by the continental monsoon climate and the average annual temperatures vary from −15 ∘ C in January to 25 ∘ C in August. Rain precipitation is in the range of 522-615 mm per year. Changchun has four distinct seasons. Compared to the strong winds in spring and the freeze in winter, summer and autumn are accompanied with a high humidity and obvious temperature difference between day and night, and the wind speed is always below 2 m/s. The climatic conditions are therefore suitable for dew condensation. Thus, the occurrence of dew is common in the summer and autumn seasons at the present site. Dew samples were collected during the peak summer and autumn period (June to September in 2013 and 2014).
Sample Collection and Analysis.
The results of dew samples collected by different collection surfaces vary substantially [27] . A polytetrafluoroethylene (PTFE) surface has been shown to be a proper collection surface for dew collection [28] . In this study, dew water was collected in precleaned PTFE bottles with a 250 mL capacity. PTFE bottles were placed in the green belt region along the campus road (approximately 1.0 m above ground level). To avoid the effects of haze or rain on the particle concentration of air, all dew water samples were collected before sunrise on the nonrainy and nonhazy days. Rain water was collected on rainy days during the experiment period using precleaned PTFE bottles with a 500 mL capacity. Rain collectors were placed on the balcony of the laboratory building (approximately 15 m above ground level). A total of 24 dew samples and 18 rain samples were collected during the experimental period.
All collected samples were analyzed to determine pH (LA-pH10, USA), electrical conductivity (EC), and total dissolved solids (TDS) (LA-EC20, USA). Measurements were done in duplicate and were conducted immediately to avoid any contamination or changes during their preservation. The acceptable difference between duplicate analyses was 0.03 for pH values and <2 S/cm for EC. All the dew and rainwater samples were filtered through 0.45 m membrane filters and stored at approximately 4 ∘ C for further chemical analysis. In order to reveal the scavenging process of underlying surface particulates by dew, experiments were carried out on July 21-22, 2013, July 25-26, 2014, and August 13-14, 2014. Collectors (PTFE bottles) were placed in the green belt region at 18:00, and one of the collectors was analyzed every hour from 19:00 till 6:00 the next day. The hourly data of the near surface PM 10 and PM 2.5 concentrations from 18:00 till 7:00 of the next day were provided by the Changchun City Air Quality Monitoring Station. Meanwhile, the daily meteorological factors, including average wind speed (m⋅s −1 ) during the condensation period and rainfall (mm) were provided by the Changchun City Meteorological Station.
Data Analysis.
The statistical analyses were carried out using SPSS version 16.0. To test the normal distributions of nocturnal wind speed and ionic concentrations of dew, Q-Q probability plots were employed. The Ca 2+ , NH 4 + , NO 3 − , and SO 4 2− concentrations in dew as well as nocturnal wind speed on July 21-22, 2013, July 25-26, 2014, and August 13-14, 2014, all followed a normal distribution. The ionic concentrations of dew and hourly nocturnal wind speed on July 21-22, 2013, July 25-26, 2014, and August 13-14, 2014, were analyzed using oneway ANOVAs, and the significance level was set to < 0.05. Least Significant Difference or Tamhane's T2 procedure was used to determine the significant differences between each group of concentrations and wind speed. Table 1 , the dew pH and rain pH were in the range of 5.89-7.20 and 5.29-6.89, respectively. Dew pH is less acidic than rain, which is similar to the results found in some humid or urban sites (Table 2) . Dew acidity is derived from CO 2 absorption and the acidic aerosol dissolution during droplet growth [25] . Rain pH in these areas is lower because of the various quantities of acidic Table 1 : Summary of pH, electrical conductivity (EC), and total dissolved solids (TDS) of dew ( = 24) and rainwater samples ( = 18) collected over Changchun city during the experimental period in 2013 and 2014. 
Result and Discussion
pH, EC, and TDS. As shown in
Anion ( eq/L) species (SO 2 and NO ) influenced by human activities, such as fluctuating pollutant production and wind dispersion, or preceding rain events that clear out the aerosols [26] . In contrast, the pH values of dew were alkaline and were higher than that of rain water in the Negev desert [3] . The reason for this is that the levels of total dissolved ions (e.g., Ca 2+ and K + ) for dew in humid or urban environments were substantially lower than that in Negev. It is interesting to note that, in spite of the high sulfate concentrations, the presence of Ca 2+ and ammonium ions in the solution increased the pH. High pH values in dew may also be due to cooccurrence of dry deposition on a wet surface in the desert area.
The formation of acid dew is extremely important in accelerating the corrosion process. Acid dew can destroy the protective material on the plant leaf. In fact, compared to acid rain, acid dew could damage the surface of objects more seriously [27] . The average pH values for dew samples were 6.72 with a standard deviation of 0.33; therefore, no harmful acid dew was formed during the sampling period. Although the dew pH is acidic, plants can only be damaged when the pH of acid rain reaches around 3.0 [29] . Thus, the dew in Changchun city does not have the potential to damage or endanger the plant leaves.
The quality of the chemical analysis can be assessed by the ion balance (sum of total cations (TC) versus sum of total anions (TA)). TC and TA were well correlated in dew ( Figure 1 ) and reflected the electroneutrality. The 2 was 0.97 ( < 0.05), which indicated the effective neutralization of the acid forming anions (sulfate and nitrate) by the soluble cations (calcium and magnesium) and ammonium ions in the dew water.
As shown in Table 1 , EC of dew during the sampling period ranged from 52 s/cm to 163 s/cm. The mean EC and TDS were both higher than those in rain samples, reflecting higher total dissolved ions in dew. This may be attributed to the higher evaporation effect on dew samples compared to rain samples [24] . (Table 3) . The different chemical composition between dew and rain can be explained by the differences in the composition of high altitude (cloud level) and low altitude (ground level) aerosols and gases to which rain and dew are exposed [30] . Compared with the cloud level, the presence of natural dust and carbonates, as well as silicates around the ground contributes to the excess of ions in dew [24] . In addition, dew droplets are smaller than rain droplets, and dew is present at the surface nearly 10 h/d and suffers a longer evaporation time. The higher ion concentration in dew also attributed to the higher evaporation effect on dew samples than rain by the nocturnal wind [3] . These factors lead to high ion concentration in dew [19, 31] . As shown in Table 3 , Beysens et al. [26] analyzing the chemical characteristics of dew can provide reference for the assessment of air pollution and judgment of the quality of air.
Ionic Composition
Dew/Rain Ratio. The decreasing order of ionic concentration in dew was NH
4 + > SO 4 2− > Ca 2+ > NO 3 − > Na + > Cl − > F − > K + > Mg 2+ . NH 4 + (1536
Correlation Analysis.
Correlation analyses were applied to assess the associations among different soluble ionic species (Table 4) . A significant positive correlation was observed between Ca 2+ and Mg 2+ ( = 0.95 for dew and = 0.94 for rainwater), suggesting their common crustal source. Changchun is a typical inland city and the main ions were of continental origin. The large distribution is due to the various quantities of acidic species (SO 2 and NO ) and alkaline soil dust absorbed by water passing through the atmosphere. Natural dust makes an important contribution to the ions present in dews. The sources of Ca 2+ and K + are aerosols from dust, originating from soil, which are suspended in the lower layer of the atmosphere and brought to the condensation surface of the dew by the wind. Similarly, the acid forming anions NO 3 − and SO 4 2− are closely correlated ( = 0.92 for dew and = 0.95 for rainwater), indicating their simultaneous release from anthropogenic sources. The NO 3 − and SO 4 2− measured in dew water cannot be explained by the deposition of particulate matter. The very high concentrations of sulfate and nitrate present in the collected waters indicated that anthropogenic sources (e.g., coal combustion, industrial emission, and motor vehicle exhaust) also contributed significantly. 
Particle Removal Effect.
Sulfate, nitrate, and ammonium from gas-particle conversion have been the main water soluble inorganic components of PM 2.5 , accounting for 85% of the total water-soluble inorganic ions concentration [12] . Hourly concentrations of ions (Ca 2+ , NH 4 + , NO 3 − , and SO 4 2− ), PM 10 , and PM 2.5 during the dew condensation period are shown in Figure 4 . The trend of dew ions and particulate matter concentration changed with synchronicity, which implied that except for the process of dry deposition by gravity, the vapor condensation process was accompanied by the removal of particulates. Rain and dew are both a form of wet deposition. Hu et al. found that pH and ion concentration of rain decreased during the precipitation process, indicating the occurrence of neutralizing effects [12] . The concentration of Cl − , NO 3 − , and SO 4 2− decreased by 88%, 77%, and 73%, respectively, in the process of rain events. The purifying effects of rain in terms of mass concentration, ion concentrations, and element concentrations of particles are significant [11] .
Precipitation affected the concentration of ions in dew. As shown in Figure 3 , precipitation events occurred from 8 to 9 July 2013; the ions (Ca 2+ , Mg 2+ , NH 4 + , NO 3 − , and SO 4 2− ) in dew had lower concentrations on 11 July than on 7 July. Because crowds and traffic are concentrated at the experimental site, the vehicle exhaust and resuspended road dust increased in the daytime. This led to higher concentrations of ions in dew on July 12 than on July 11. After continuous precipitation from 13 to 16 July, dew ion concentrations decreased on 17 July. Precipitation removed particles especially effectively after the heavy rain event from the eighteenth to the twentieth, which led to the minimum ion concentrations in dew. Plentiful rainfall did not occur in the last ten days of July, and higher ionic concentrations were detected on July 31. Ca rain event happened on 6 August and on 20 July. The reason for the higher ionic concentration of dew is the longer period without rain. This shows that the dust that acts as the nuclei of dew is decreased by rain and that ion concentrations in dew also declined after the precipitation event.
Strong wind enhances the heat exchange and can homogenize the temperature quickly and thereby decrease the temperature below the dew point. However, it makes vapor diffuse rapidly. Figure 3 shows that the majority of dew days appeared on the days in which wind speed was between This fact implies that nocturnal wind does not significantly affect the dew chemistry composition at our experiment site.
The ability of dew to remove particulates was far weaker than rain, because dew condensation only occurred near the surface and the dew amount is small. Compared with the efficiency of precipitation removal, removal of aerosols by dew has a delay. Therefore, the removal rate of ions by dew cannot be simply measured by misusing the beginning and ending chemical composition in the process of vapor condensation. The concentration of main ions continued to decline in a precipitation rain event [12] . The main ion (Ca 2+ , NH 4 + , NO 3 − , and SO 4 2− ) concentrations fluctuated during the vapor condensation. Dew formed on some hygroscopic nuclei near the ground. The lowering of ionic concentration with time can be explained by a dilution following the fact that condensation takes place around dust nuclei [3] .
The meteorological characteristics associated with dew condensation during the night are a breeze and a higher relative humidity. Due to the formation of the radiation inversion layer near the surface, pollution diffusion and dilution are weak close to the underlying surface. Vehicle exhaust emissions and a large amount of atmospheric particulates such as dust on the ground cannot be easily spread or transferred. For example, on 13-14 August 2014, vapor began to condense at 18:00 and the process gave priority to the evaporation at 6:00. PM 10 and PM 2.5 concentration increased in the period of 18:00-22:00. The Ca 2+ , NH 4 + , NO 3 − , and SO 4 2− concentration of dew increased during the same time period. From 22:00 to 1:00, PM 10 and PM 2.5 concentration began to decrease under the processes of gravity settling and vapor condensation. Ca 2+ , NH 4 + , NO 3 − , and SO 4 2− concentration was given priority to gradually reduce ( Figure 4) . It is noteworthy that the rate of decrease for PM 10 and PM 2.5 was higher than the ions in dew ( Figure 5 ). This indicates the strong ability of dew to capture atmospheric particulate matter and especially PM 10 . PM 10 and PM 2.5 concentrations began to slowly rise from 0:00 to 6:00. As the water vapor condensation approached saturation, dew condensation strength slowed and the atmospheric particulate removal effect was weakened. However, throughout the whole process of condensation, dew had the ability to capture particulates. The purification ability of dew was strong at the beginning and weakened at the end of the condensation process because the vapor condensed around the dust nuclei. The dew condensation process is very complex. It is affected by meteorological factors, types of nuclei, and near surface roughness, as well as other conditions. Thus, atmospheric particulate removal by dew requires further studying.
Conclusion
Rain and dew waters were collected and measured in Changchun city during 2013 and 2014. The concentrations of cations (Ca 2+ , Mg 2+ , Na + , K + , and NH 4 + ) and anions (F − , Cl − , NO 3 − , and SO 4 2− ), EC (308 S/cm), and TDS (154 mg/L) measured in dews were considerably higher than those measured in rains. Dew exhibited near-neutral pH (to 7). The dew chemical composition revealed an abundance of the major cations Ca 2+ and Mg 2+ (continental origin) and the major anions SO 4 2− and NO 3 − (anthropogenic origin). The acidity from dissolved CO 2 , SO , and NO was mostly neutralized by NH 4 + and Ca 2+ , thus giving an alkaline character to dew. Rain events affected the ions concentrations of dew. Dew events with the higher ionic concentration happened following longer periods without rain. In the whole process of condensation, dew had the ability to capture particulates. The purification ability of dew was strong at the beginning and weakened at the end of the condensation process. 
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